Despite representing perhaps the simplest form of memory, habituation is not yet well understood mechanistically. We used a reduced preparation to analyze the neurobiological mechanisms of persistent habituation of a simple behavior, the defensive withdrawal reflex of the marine snail Aplysia californica. This preparation permits direct infusion of drugs into the abdominal ganglion during training via a cannula in the abdominal artery. Using siphon-elicited gill withdrawal, we demonstrate habituation of withdrawal that persists for 1-6 hr after repeated, spaced blocks of habituating stimulation. This form of habituation exhibits site specificity and requires protein synthesis because it is blocked by the presence of anisomycin, a protein synthesis inhibitor. We also find that habituation of gill withdrawal requires protein phosphatase activity, because it is blocked by okadaic acid, an inhibitor of protein phosphatase. Finally, habituation of gill withdrawal requires activation of NMDA-type and AMPA-type postsynaptic receptors within the abdominal ganglion, because it is blocked by infusion of DL-2-amino-5-phosphonovaleric acid or 6,7-dinitroquinoxaline-2,3-dione. The requirement for activation of postsynaptic glutamatergic receptors indicates that homosynaptic depression, an exclusively presynaptic mechanism that has been implicated previously in habituation in Aplysia, does not play a significant role in persistent habituation of the withdrawal reflex. Our results indicate that postsynaptic mechanisms, possibly including modulation of glutamate receptor function, play a major, heretofore unsuspected, role in habituation in Aplysia.
Introduction
Habituation, perhaps the simplest form of learning, is the decrement in an animal's response to repeated presentations of a (typically innocuous) stimulus, in which the decrement cannot be ascribed simply to injury, receptor adaptation, or motor fatigue (Thompson and Spencer, 1966) . Habituation is a nearly universal form of learning, having been observed in animals ranging from roundworms (Rankin et al., 1990) to humans (Geer, 1966) . Despite its apparent simplicity and universality, our understanding of the neurobiological basis of habituation remains incomplete. A generation ago, it was widely agreed that habituation, at least for certain simple reflexes in invertebrate organisms, was attributable to a presynaptic mechanism: homosynaptic depression of transmitter release from the terminals of the sensory neurons that mediate the reflexes (Zucker, 1972; Castellucci and Kandel, 1974; Krasne, 1976; Kandel, 1978) . However, more recent work has indicated that inputs from extrinsic modulatory pathways are critical to the full expression of behavioral habituation, even in invertebrates (Krasne and Glanzman, 1995; Krasne and Teshiba, 1995; .
Habituation is commonly observed to have both short-term and long-term forms. Cellular correlates of long-term habituation (LTH) of the defensive withdrawal reflex of Aplysia (Carew et al., 1972; Carew and Kandel, 1973) have been identified. Behavioral training that results in habituation persisting for Ն24 hr causes a long-term depression of transmission as sensorimotor synapses (Castellucci et al., 1978) , as well as a significant reduction in active zones and varicosities associated with sensory neurons in the abdominal ganglia of habituated animals Chen, 1983, 1988) .
Although the cellular expression of LTH of the withdrawal reflex in Aplysia is attributable, at least in part, to long-term presynaptic changes, the locus of the induction of the cellular changes is uncertain. Are the long-term changes in sensory neuron transmitter release and structure that are associated with LTH induced, as well as expressed, presynaptically? Or, rather, are the long-term cellular changes induced by postsynaptic processes? Here, we show that postsynaptic mechanisms, particularly activation of postsynaptic glutamate receptors, play a critical role in inducing long-lasting habituation of the withdrawal reflex in Aplysia.
The habituation we report here persists for 1-6 hr after the last block of stimuli and depends on protein synthesis (see Results). A requirement for protein synthesis has been typically regarded as an essential characteristic of long-term memory (Davis and Squire, 1984; Goelet et al., 1986) . However, we decided not to refer to the present form of habituation as long term. Previous studies of LTH in Aplysia have reported habituation that persisted for 24 hr to weeks (Carew et al., 1972; Carew and Kandel, 1973; Castellucci et al., 1978; , and it is possible that LTH of the duration achieved in these previous studies will ultimately prove distinct, mechanistically, from the habituation we demonstrate here. We will therefore refer to the prolonged habituation shown in the present experiments as "longlasting habituation (LLH) ."
Parts of this work have been published previously in abstract form Glanzman, 2001, 2002) .
Materials and Methods
Animals. Adult Aplysia californica (75-150 gm) were obtained from a local supplier (Alacrity Marine, Redondo Beach, CA). Animals were housed in a 50 gallon aquarium filled with cooled (14°C), aerated artificial seawater (ASW) (Instant Ocean; Aquarium Systems, Mentor, OH). All animals were housed for at least 24 hr before the start of the experiment.
Preparation. An animal was initially anesthetized with an injection of 60 -80 cc of isotonic MgCl 2 into the animal's foot. The animal was then placed, ventral side up, in a dissection tray. A longitudinal incision was made along the length of the foot. The body wall was pinned back to expose the digestive organs and nervous system. The digestive system was removed to gain access to the nervous system. The CNS was drawn toward the tail, and most of the peripheral nerves were cut. The head of the animal, together with the buccal ganglia, was then removed. The rest of the animal, including the mantle shelf, gill, and siphon, together with the tail and the entire CNS (minus the buccal ganglia), was preserved (Fig. 1) . The CNS was left connected to the siphon and gill via the siphon and branchial nerves of the abdominal ganglion. The animal was transferred to another dissection tray filled with 50% MgCl 2 -50% normal ASW. The artery leading to the abdominal ganglion was cannulated with polyethylene tubing (0.024 outer diameter, 0.011 inner diameter; Intramedic, Parsippany, NJ), which was connected to a peristaltic pump (P720; Instech, Plymouth Meeting, PA). During experiments, the abdominal ar-tery was perfused with aerated ASW (15°C) via the cannula at a rate of ϳ1 ml/hr until the start of the experiment (onset of the pretests), at which point the perfusion rate was decreased to 0.5 ml/hr. This perfusion rate was then maintained throughout the experiment. The cannula in the abdominal artery was also used to selectively administer drugs to the abdominal ganglion (below). After cannulation of the abdominal artery, the preparation was transferred to a Lucite experimental chamber filled with normal ASW and pinned, dorsal side up, to the Sylgard-lined bottom of the chamber. The siphon was not pinned but was left to move freely. The afferent vein of the gill was cannulated with polyethylene tubing (above) and perfused with chilled, aerated ASW via a peristaltic pump (Dynamax RP1; Rainin, Oakland, CA) at a rate of 100 ml/hr. The cannula in the afferent vein was secured with a surgical silk suture, and a force transducer (model 1040 or 1030, ADInstruments, Grand Junction, CO) was connected to the suture with a small metal hook. The force produced by movement of the transducer was calibrated by hanging gram weights from the metal hook. Habituating stimuli (see below) were delivered to the siphon via pairs of Teflon-insulated platinum wires (0.005 mm in diameter; catalog #773000; A-M Systems, Carlsborg, WA). The uninsulated tips of the wires were inserted into the siphon at its base. In the within-preparation experiments (see below), a platinum wire was inserted into each side of the siphon, and a ground wire was placed in the bath. The rest of the preparation was perfused with normal ASW (13-15°) at a rate of 1 l/hr throughout the experiment.
After the intensity of the siphon stimuli to be used for an experiment had been determined (see below), the preparation was rested for 2 hr, during which time the afferent vein of the gill and the rest of the preparation were perfused with normal ASW to completely wash out the MgCl 2 . This perfusion was maintained for the rest of the experiment. At the end of the 2 hr rest period, a single stimulus (at the predetermined intensity for habituation) was delivered to the siphon. Preparations that did not respond to this initial stimulus with a visible gill contraction were discarded. Furthermore, data from preparations from the experiments in which a within-preparation design was used (below) were only accepted if the posttest response of the "untrained" site was at least 80% of the pretest response (see Experimental design).
Shipments of Aplysia from our local supplier varied significantly according to whether or not preparations from the animals expressed longlasting habituation. In some cases, these differences were seasonal and may represent differences in the behavioral state of the animals. In other cases, the differences may have been related to the health of the animals. Because of the variability in the amount of habituation exhibited by preparations from different shipments of animals, we were obliged to institute a control criterion to ensure that animals in a given shipment were capable of expressing LLH. On the basis of the results of pilot experiments, we decided that preparations could be considered to have undergone long-lasting habituation if the posttest response (at either 6 hr or 60 min after the end of training; see below) of the "trained" site to the habituating stimulus was Յ70% of the pretest response. Using this criterion, we ran an initial control experiment with one animal from each shipment. If that control preparation did not habituate by Ն30%, the entire shipment of animals was rejected.
Siphon stimulation. Both habituating and test stimuli were brief trains (500 msec, 25 Hz) of current pulses (10 msec duration) generated by an electronic stimulator (S48/S88; Grass Instruments, Quincy, MA); the stimuli were delivered to the siphon via implanted platinum wires (see above). The intensity of the stimuli was calibrated for each preparation to be just suprathreshold for reliably eliciting gill withdrawal. The intensity of the stimuli applied to the untrained site in experiments using the within-preparation design (below) was determined in the same way and was also fixed for a given experiment.
Drugs. All drugs were purchased from Sigma-Aldrich (St. Louis, MO). The drugs were dissolved in either normal ASW or DMSO as stated in Results. The drugs were infused directly into the abdominal ganglion via a cannula in the abdominal artery (above). The anisomycin was infused into the abdominal ganglion for 45 min to 1 hr before the onset of the pretests; okadaic acid (OA) and 1-nor-okadone were infused for 2 hr before the onset of the pretests. Infusion of anisomycin, okadaic acid, and 1-nor-okadone was maintained throughout those experiments in which they were used. We performed two sets of DL-2-amino-5-phosphonovaleric acid (APV) experiments. In the first set of experiments, APV was infused into the abdominal ganglion for 45 min to 1 hr before the onset of the pretests and was present throughout the experiments, as in the experiments involving anisomycin, okadaic acid, and 1-nor-okadone. In the second set of experiments, APV was present only during training; both the pretests and posttests were performed in ASW. Our results for these two sets of APV experiments were very similar (see Results). (Notice that both okadaic acid and 1-nor-okadone took a prolonged period of time for wash in, so it was not feasible to have these compounds present only during training. We did not perform experiments with the protein synthesis inhibitor present only during training.) 6,7-Dinitroquinoxaline-2,3-dione (DNQX) was infused at a rate of 1 ml/hr starting immediately after the pretests; it was then washed out of the abdominal ganglion with normal ASW after the end of habituation training.
Experimental design. There were two basic experimental designs. In our initial set of experiments (between-preparation design), there were two separate groups of preparations: an experimental group that received habituation training and a control group that received only test stimuli.
In subsequent experiments, we used a modified design in which each preparation served as its own control (within-preparation design). In the experiments using the within-preparation design, two different sites on the siphon were stimulated: one of the sites (trained) received habituation training, whereas the other site (untrained) received only test stimuli ( Fig. 1 ). In the between-preparation experiments, each preparation initially received three pretests at a rate of one per 10 min. Fifteen minutes after the third pretest, some preparations (trained) received habituation training. The training protocol consisted of four blocks of 20 stimuli [interstimulus interval (ISI) of 30 sec]. There was a 90 min rest period between each block of habituating stimuli. After the fourth training block, there was a 6 hr rest period, and then the preparation received three posttests at a rate of one per 10 min. Control (untrained) preparations received three posttests at the same rate 12 hr after the pretests. In the within-preparation experiments, the side of the siphon that was chosen to be the trained site was alternated systematically between left and right sides. The trained site initially received three pretests at a rate of one per 10 min. Ten minutes after the third pretest to the trained site, the other side of the siphon (untrained site) received a single pretest stimulus. Fifteen minutes after the pretest stimulus to the untrained site (25 min after the third pretest to the trained site), the trained site received habituation training. The training protocol was identical to that used for the between-preparation experiments. In the within-preparation experiments, there was 60 min rest period between the final block of training stimuli and the onset of the posttests. Then, the trained site received three posttests at one per 10 min. Ten minutes later, the untrained site received a single posttest.
A somewhat different within-preparation experimental protocol was used in one set of the experiments with the drug APV and in all of those with the drug DNQX (see Results). The altered protocol was used to ensure that the drugs were only present during training and were completely washed out after training. In these experiments, the trained site received two pretests at one per 5 min; 5 min later, the untrained site received two pretests at one per 5 min. Then, there was a 1 hr pretraining rest period during which the drug (APV or DNQX) was infused into the abdominal ganglion via the abdominal artery, after which habituation training of the trained site commenced. After the fourth (final) block of habituating stimuli was presented, there was a 2 hr posttraining rest period to permit thorough washout of the APV-DNQX.
Data acquisition and evaluation. The force transducer used for measuring gill contractions (above) was connected through a bridge amplifier (ML110; ADInstruments) to a digital data acquisition system (MacLab 4s/2e; ADInstruments). The peak amplitude (maximum Ϫ minimum) of each gill contraction was determined with the data acquisition system. The minimum was the baseline response recorded when the gill was in a relaxed state 1 sec before stimulation. The maximum was the peak amplitude of the response within 20 sec after the siphon stimulus. If the amplitude of the response declined by Ն80% from the initial peak within 20 sec after the siphon stimulus, the response was considered complete; subsequent responses within the 20 sec period were not counted. Notice that, during training, the 30 sec ISI was not always sufficient to permit the gill to fully relax after a response. In these cases, the minimum value for a particular response was the level of gill contraction before the onset of the training block.
Statistics. The pretest gill response in the experiments using the between-preparation design was the mean value for the three pretests. This value was set to be equal to 100%, and the rest of the gill responses were normalized to the pretest value. There were also three posttests, and the mean of the three tests was used for the statistical comparisons. In the experiments using the within-preparation design, the pretest gill response for the trained site was also the mean value for the three pretests. The trained site also received three posttests. There were only a single pretest and a single posttest, however, for the untrained site in the withinpreparation experiments. The pretest value (mean of three pretests for the trained site or the single pretest value for the untrained site) was set to be equal to 100%. The subsequent values for the gill responses to stimulation of the trained-untrained sites were normalized to 100%. All responses are expressed as the normalized mean response Ϯ SEM. Nonparametric statistical tests were used for most comparisons. Wilcoxon tests were used for paired comparisons and Mann-Whitney tests were used for unpaired comparisons, unless otherwise indicated. All significance values reported represent two-tailed levels of significance.
Results

Long-lasting habituation of gill withdrawal in a reduced preparation
Our initial set of experiments used a between-preparation design (see Materials and Methods). There were two groups. One group (trained; n ϭ 9) received four blocks of habituating stimulation spaced at 90 min intervals. Each training block comprised 20 bouts of weak electrical stimulation of the siphon with a 30 sec ISI. Another group (control; n ϭ 13) received only the pretest and posttest stimuli. When tested 6 hr after the final (fourth) training block, gill withdrawal in the trained preparations exhibited significant habituation (mean posttest response, 34.6 Ϯ 5.9%; p Ͻ 0.004 for the comparison with the pretest value, which equaled 100% in this and all other experiments; see Materials and Methods) (Fig. 2) . The magnitude of gill withdrawal did not change in the control preparations (mean posttest response, 91.5 Ϯ 12.3%; p Ͼ 0.05 for the comparison with the pretest response; data not shown). Furthermore, the difference between the posttest responses in the trained and control preparations was significant ( p Ͻ 0.002). The lack of a significant difference in the magnitude of the gill reflex in control preparations during the experiments indicates that the decrement in the gill reflex in the trained group could not be attributable to deterioration in the health of the preparation over the Ͼ12 hr of the experiment. This suggests, in turn, that the training produced LLH in the trained group. It still might be argued, however, that the response decrement in the trained group was attributable to motor or muscle fatigue. We therefore modified our experimental protocol to exclude motormuscle fatigue as a possible explanation for the response decrement exhibited by the trained preparations.
Reduced preparation exhibits site-specific long-lasting habituation of gill withdrawal
In the rest of our experiments, we used a within-preparation design. Two stimulation sites on the siphon were used rather than one. One site (trained) received the spaced blocks of habituating stimuli, whereas the other site (untrained) received only the pretest and posttest stimuli. The testing and training protocol were similar to those in the between-preparation experiments (above), with the following exceptions. The untrained site received only a single pretest and a single posttest. Furthermore, the rest period between the end of the habituation training and the start of the posttest stimulation of the trained site was shortened from 6 to 1 hr. This was done to streamline the experiments. One hour after the end of training, the response of the gill to stimulation of the trained site was significantly reduced compared with the pretest response of the gill (mean posttest response, 64.8 Ϯ 4.2%; p Ͻ 0.003 for the comparison with the pretest response) (Fig. 3A) . In contrast, the posttest response of gill to stimulation of the untrained site was significantly greater than the pretest response (mean posttest response, 115.1 Ϯ 7.3%; p Ͻ 0.04 for the comparison with the pretest response). This result suggests that the habituation training of the trained site induced modest sensitization of the untrained site within the same preparations. The response of the gill to stimulation of the trained site on the first of the three posttests (77.4 Ϯ 7.6%) was also significantly less than the posttest response to stimulation of the untrained site ( p Ͻ 0.02; n ϭ 10). (Notice that the interval between the pretests and posttests is identical for this comparison.) The difference between the posttest responses to the trained and untrained sites in these experiments cannot be ascribed to motor or muscle fatigue, because the same preparation was used to control for the effects of training on the neuromuscular components of the reflex. These results therefore demonstrate site-specific habituation of siphon-elicited gill withdrawal in a reduced preparation.
The amount of habituation was greater in the betweenpreparation experiments than in the within-preparation experiments ( p Ͻ 0.002 for the comparison between the posttest value for the between-preparation experiments shown in Fig. 2 and the posttest value for trained-site stimulation in Fig. 3A) . This difference may indicate that the longer interval between the termination of training and the posttests in the between-preparation experiments resulted in greater consolidation of LLH. However, because these two sets of experiments were performed at different times using animals from different shipments, it is also possible that the greater apparent habituation in the between-preparation experiments was attributable to a seasonal or animal shipment effect.
Long-lasting habituation of gill withdrawal requires protein synthesis
A hallmark of long-term memory across a range of preparations and different forms of learning is that it depends on the synthesis of new proteins (Davis and Squire, 1984; Goelet et al., 1986) . To test whether LLH of gill withdrawal in our reduced preparation also exhibits a requirement for protein synthesis, we infused the protein synthesis inhibitor anisomycin (30 M in ASW) into the abdominal ganglion before the start of an experiment. This concentration of anisomycin has been shown previously to inhibit protein synthesis by Ͼ95% in the abdominal ganglion of Aplysia (Schwartz et al., 1971) and in sensory and motor neurons from the abdominal ganglion (Montarolo et al., 1986) . The protein synthesis inhibitor was present throughout the experiment. Anisomycin blocked LLH of the withdrawal reflex to stimulation of the trained site. After habituation training in anisomycin, the response of the gill to stimulation of the trained siphon site was enhanced (posttest response, 126.7 Ϯ 14.6%; p Ͼ 0.09 for the comparison with the pretest response) (Fig. 3B ), although this enhancement was not significant. The posttest response of the gill to stimulation of the untrained site (121.0 Ϯ 15.3%) was also enhanced, although again not significantly ( p Ͼ 0.1). Furthermore, the difference between the first posttest response to stimulation of the trained site (160.5 Ϯ 18.7%) and the posttest response to stimulation of the untrained site was not significant ( p Ͼ 0.09; n ϭ 9). A crucial comparison is that between the posttest values for trained site stimulation in the experiments of Figure 3, A and B . This is because one might argue that the apparent blockade of LLH by anisomycin actually results from the fluctuations in the capacity for LLH that we observed among shipments of animals (see Materials and Methods). However, the two sets of experiments in Figure 3, A and B , were performed at the same time using animals from the same shipments. Therefore, the experiment in Figure 3A represents a control for the capability of the preparations used in the experiment in Figure 3B to undergo habituation. The difference between the posttest response to trained-site stimulation in the experiments shown in Figure 3, A and B , was highly significant ( p Ͻ 0.001). This result supports the notion that LLH was blocked in the experiments of Figure 3B by the presence of the protein synthesis inhibitor.
Long-lasting habituation of gill withdrawal requires protein phosphatase activity
A potential cellular mechanism for LLH of gill withdrawal is long-term depression (LTD) of the monosynaptic connection between sensory and motor neurons in the abdominal ganglion (Lin and Glanzman, 1996) . LTD of synapses in the mammalian hippocampus and cortex is attributable, in part, to activation of protein phosphatases (Mulkey et al., 1993; Bear and Abraham, 1996) . To test for a possible role of protein phosphatase activity in habituation of gill withdrawal, we infused okadaic acid, a selective inhibitor of protein phosphatases 1 and 2A (PP1 and PP2A) (Cohen et al., 1990) , into the abdominal ganglion. OA (1 M in ASW with 0.1% DMSO) was infused into the abdominal ganglion beginning 2 hr before the first pretest and was present throughout the experiment. The presence of OA blocked LLH (Fig. 4 A) . The posttest response to stimulation of the trained site (108 Ϯ 13.9%) was not significantly different from the pretest trained-site response ( p ϭ 1.0). Furthermore, there was no significant difference between the first posttest response to stimulation of the trained site (118.4 Ϯ 12.1%) and the posttest response to stimulation of the untrained site in OA (133.3 Ϯ 23.9%; p Ͼ 0.8; n ϭ 13). The OA did not appear to affect the response of the gill to stimulation of the untrained site over the course of the experiment. The posttest response to untrained-site stimulation was not significantly different from the pretest response ( p Ͼ 0.5). To control for nonspecific actions of OA, we tested the effect of the control compound 1-nor-okadone (1 M in ASW with 0.1% DMSO), an analog of OA that does not inhibit phosphatases (Mulkey et al., 1993) , on LLH of gill withdrawal (Fig. 4 B) . The experiments using 1-nor-okadone were performed at the same time as the experiments using OA and used animals from the same shipments. Infusion of 1-nor-okadone into the abdominal ganglion did not inhibit LLH. The posttest gill response to stimulation of the trained (68.5 Ϯ 4.7%) site was significantly lower than the pretest response ( p Ͻ 0.008; n ϭ 8). The 1-nor-okadone treatment did not appear to affect the response of the gill to stimulation of the untrained site. The posttest response to stimulation of the untrained site (117.6 Ϯ 22.1%) was not significantly different from the pretest response ( p Ͼ 0.8). The posttest response of the gill to trained-site stimulation was significantly less in the 1-nor-okadone experiments than in the OA experiments ( p Ͻ 0.03), a result that further supports the idea that protein phosphatase activity is essential for LLH.
Long-lasting habituation of gill withdrawal requires activation of NMDA-type receptors
The CNS of Aplysia possesses postsynaptic NMDA-type receptors (Dale and Kandel, 1993; Lin and Glanzman, 1994; Conrad et al., 1999) . Activation of postsynaptic NMDA-type receptors has been shown previously to be necessary for classical conditioning of the withdrawal reflex in Aplysia Glanzman, 1997, 1999; Antonov et al., 2003) . We wanted to test whether activation of NMDA-type receptors was also required for LLH of the withdrawal reflex. For this test, we infused the specific NMDA receptor-antagonist APV (150 M in ASW) (Collingridge et al., 1983; Lin and Glanzman, 1994; Conrad et al., 1999) into the abdominal ganglion. The drug was introduced into the abdominal artery 1 hr before the first pretest and was present throughout the experiment. The presence of APV blocked LLH to the habituating stimuli (Fig. 5A ). There was no significant difference between the pretest and posttest responses to stimulation of the trained site after training in APV (posttest response, 110.1 Ϯ 15.4% of the pretest response; p Ͼ 0.5; n ϭ 10). Furthermore, there was no significant difference between the first posttest response to trained-site stimulation (138 Ϯ 16%) and the posttest response to untrained-site stimulation (123.6 Ϯ 15.1%; p Ͼ 0.5). APV treatment did not appear to affect gill withdrawal to stimulation of the untrained site, because it did not change significantly during the experiment ( p Ͼ 0.2 for the comparison between the pretest and posttest responses to untrained-site stimulation). We performed control experiments using animals from the same shipments that were used in the APV experiments. In the control experiments, the abdominal ganglion was continually infused with normal ASW. We observed normal LLH in the control experiments (Fig. 5B) . The posttest response to stimulation of the trained site (69.3 Ϯ 8%) was significantly decremented compared with the pretest response ( p Ͻ 0.02; n ϭ 10). In contrast, there Figure 3A .
was no change in the gill withdrawal to untrained-site stimulation (posttest response, 112.5 Ϯ 14.1%; p Ͼ 0.6 for the comparison with the pretest response to untrained-site stimulation). Importantly, the difference between the posttest response to trained-site stimulation in the APV and control experiments was significant ( p Ͻ 0.02).
In the above experiments, the APV was present during the pretests and posttests, as well as during training. To test whether our results would differ if the NMDA receptor antagonist were present only during training, we used a modified experimental protocol. This protocol was the same as that used for the DNQX experiments (below). We found that APV also blocked LLH when it was present in the abdominal ganglion only during training. The mean posttest response to stimulation of the trained site after training in APV did not differ significantly from the pretest response (posttest response, 120 Ϯ 20.7%; p Ͼ 0.4 for the comparison with the pretest response; one-sample t test; n ϭ 4; data not shown), nor was the mean posttest response to stimulation of the untrained site in the APV experiments significantly different from the pretest response (posttest response, 106 Ϯ 11.4%; p Ͼ 0.5 for the comparison with the pretest response). There was also no significant difference between the mean posttest responses to trained-site and untrained-site stimulation after training in APV ( p Ͼ 0.5; paired t test). In contrast, in control experiments performed on animals from the same shipments that were used for the APV experiments, we observed LLH of the trained-site response. The mean posttest response to stimulation of the trained site after training in ASW was significantly habituated (posttest response, 47.5 Ϯ 6.9%; p Ͻ 0.005 for the comparison with the pretest response; one-sample t test; n ϭ 4; data not shown). Furthermore, the mean posttest response to trained-site stimulation was significantly less than that to untrained-site stimulation after training in ASW ( p Ͻ 0.05; paired t test). The mean posttest response to stimulation of the untrained site in the ASW experiments was not significantly different from the pretest response (posttest response, 105.8 Ϯ 16.7%; p Ͼ 0.7 for the comparison with the pretest response to untrained-site stimulation). Significantly, the posttest response to trained-site stimulation was more habituated after training in ASW than after training in APV ( p Ͻ 0.03). These results support the conclusion from our other experiments involving APV (Fig. 5) that the presence of an NMDA receptor antagonist during training disrupts LLH.
Long-lasting habituation of gill withdrawal requires activation of AMPA-type receptors
It has been long believed that homosynaptic depression of transmission between the sensory and motor neurons in the abdominal ganglion, an exclusively presynaptic form of plasticity (Castellucci and Kandel, 1974; Armitage and Siegelbaum, 1998) , is a cellular mechanism of habituation of the withdrawal reflex (Kandel et al., 1975) . Armitage and Siegelbaum (1998) have shown that application of DNQX, an antagonist of AMPA-type receptors in Aplysia motor neurons (Dale and Kandel, 1993; Chitwood et al., 2001) , does not disrupt short-term homosynaptic depression, although DNQX blocks transmission at the sensorimotor synapse. They also found that repeated application of glutamate, the sensory neuron transmitter (Dale and Kandel, 1993; Levenson et al., 2000) , to the motor neuron did not depress the synaptically evoked sensorimotor EPSP. On the basis of their results Armitage and Siegelbaum concluded that activation of postsynaptic glutamate receptors was neither necessary nor sufficient for the induction of homosynaptic depression of sensorimotor synapses.
We tested whether activation of postsynaptic AMPA-type receptors was necessary for the induction of LLH. We infused DNQX (500 M in ASW with 0.2% DMSO) into the abdominal ganglion during habituation training. To give adequate time for the drug to be washed in and washed out of the abdominal ganglion, we modified our basic experimental protocol. In these experiments, there was a 1 hr rest period between the end of the pretests and the onset of habituation training. DNQX was introduced into the abdominal artery immediately after the pretests and was present throughout the training. After the last block of training, there was a 2 hr rest period during which the DNQX was washed out of the abdominal ganglion (using ASW with 0.2% DMSO). Another modification in the protocol was that there were two pretests to both the trained and untrained sites (the pretests were administered alternately to the two sites at 5 min intervals). Each of the sites also received two posttests (also administered alternately to the sites at 5 min intervals). The presence of DNQX during habituation training blocked the induction of LLH ( Fig. 6 A) . The mean posttest response of the gill to trained-site stimulation (108.4 Ϯ 10.6%) was not significantly different from the pretest response ( p Ͼ 0.6; n ϭ 6). Furthermore, the mean posttest response to trained-site stimulation was not significantly different from that to untrained-site stimulation (140.6 Ϯ 23.5%; p Ͼ 0.2). Control experiments were performed using a protocol identical to that used in the DNQX experiments, as well as animals from the same shipments. The abdominal artery was infused with ASW and 0.2% DMSO throughout the control experiments. The habituation training induced LLH of gill withdrawal in the control experiments (Fig. 6 B) . The mean Figure 3A .
posttest response to stimulation of the trained site was 61.9 Ϯ 3.2% ( p Ͻ 0.04; n ϭ 6). Also, the mean posttest response to trained-site stimulation was significantly less than the mean posttest response to untrained-site stimulation (113.2 Ϯ 12.2%; p Ͻ 0.04) in the control experiments. Finally, the mean posttest response to trained-site stimulation was significantly greater in the DNQX experiments than in the control experiments ( p Ͻ 0.003).
Notice that, although the DNQX significantly reduced gill withdrawal to the training stimuli, the blockade of the response was incomplete (Fig. 6 A) . The concentration of DNQX that we used was approximately an order of magnitude greater than that shown in previous studies to produce a Ͼ90% blockade of synaptic transmission at sensorimotor synapses (Dale and Kandel, 1993; Armitage and Siegelbaum, 1998) . The reduced gill responses observed during training in the presence of DNQX might reflect the contribution of peripheral sensorimotor synapses to the reflex (Peretz and Estes, 1974; Bailey et al., 1979; Frost et al., 1997) . Such synapses would not have been affected by the DNQX, because the infusion of this drug was limited to the abdominal artery, which supplies the abdominal ganglion. Early work indicated that the peripheral nervous system alone can support habituation of gill withdrawal in Aplysia (Peretz, 1970; Lukowiak and Jacklet, 1972; Peretz and Moller, 1974; Lukowiak and Jacklet, 1975; Peretz et al., 1976) . If the remnant of the withdrawal response apparent during training in DNQX is indeed mediated by the peripheral nervous system, our data confirm that the isolated peripheral nervous system can mediate short-term habituation (STH) of gill withdrawal, at least to some extent. An alternative explanation for the inability of the DNQX infusion to completely eliminate gill withdrawal in our experiments is that the drug did not have access to all of the sensorimotor synapses in the abdominal ganglion.
In all of the above within-preparation experiments, we excluded from our data analysis those preparations in which the posttest response to stimulation of the untrained siphon site was at least 80% of the pretest response (see Materials and Methods). We did this because we wanted to exclude results from preparations that had deteriorated. However, because it could be argued that we thereby biased our results, we reanalyzed all of our within-preparation data after including the data from the excluded preparations (n ϭ 6). Adding the excluded preparations to our data did not alter any of our main results.
Discussion
The role of protein synthesis in LLH in Aplysia
The present data demonstrate that prolonged habituation of the withdrawal reflex in Aplysia differs from STH in its requirement for protein synthesis. The lack of a requirement by STH for protein synthesis agrees with results from a previous study (Schwartz et al., 1971) . Our study, however, represents the first demonstration that prolonged habituation of the withdrawal reflex requires protein synthesis. A requirement for protein synthesis has been also been observed for LTH of reflexive responses in the nematode worm Caenorhabditis elegans Rose et al., 2002) and the crab Chasmagnathus (Pedreira et al., 1996; Hermitte et al., 1999) , as well as for LTH of the responsiveness to distress cries in mice (Squire and Becker, 1975) .
We do not yet know whether LLH depends on RNA synthesis, as well as protein synthesis. An intermediate form of sensitization has been described recently in Aplysia (Sutton et al., 2001) . Intermediate sensitization differs mechanistically from short-term sensitization in its dependence on protein synthesis. Intermediate sensitization differs from long-term sensitization (Frost et al., 1985; Castellucci et al., 1989) 
Implications of site specificity of LLH for localizing the cellular site of plasticity
Because LLH of siphon-elicited gill withdrawal exhibits site specificity, the behavioral decrement cannot be ascribed to motor or muscle fatigue or to a gradual deterioration in the health of the preparations. The demonstration of site specificity also places certain limits on the locus of the cellular changes that underlie LLH. For example, LLH cannot be attributable to a general, staterelated change within the CNS. Furthermore, if LLH is attributable, at least partly, to enhanced inhibitory input to the withdrawal circuitry, then the inhibitory input must be somewhat specific with respect to sensorimotor pathways within the abdominal ganglion. have shown previously that STH and LTH (lasting 24 hr) of the tail-elicited siphon-withdrawal reflex exhibit site specificity. Stopfer et al. argued that site-specific habituation in their experiments proved that "the cellular sites of plasticity must exist upstream from the motor neurons," because the siphon motor neurons receive common interneuronal input from both sides of the tail. However, the motor neurons might well be a site of plasticity in our experiments. Site specificity of habituation can be maintained with the cellular locus of plasticity in the motor neurons if the learning-related changes are restricted to specific postsynaptic sites. For example, both NMDA receptor-dependent long-term potentiation and LTD in the mammalian CNS exhibit input specificity, although these forms of plasticity are induced and, at least in part, expressed postsynaptically (Bliss and Collingridge, 1993; Bear and Linden, 2001) .
Stimuli that induce habituation of the gill-withdrawal reflex appear to activate sensitizing cellular processes as well
In 1970, Groves and Thompson proposed the "dual process" theory of habituation. According to this theory, stimuli that induce habituation in a particular stimulus-response pathway also recruit an independent, incremental (sensitizing) process that increases the state of excitation in an organism. The final response strength in the Groves and Thompson model is determined by the net outcome of the countervailing processes of habituation and sensitization. Our data provide support for the dual-process theory of habituation. Treatments that blocked LLH (inhibition of protein synthesis, inhibition of protein phosphatase activity, and antagonism of NMDA-type receptors) also revealed the effects of a sensitizing process elicited by habituation training. This sensitizing process is apparent in the tendency of the withdrawal responses to trained-site stimulation to increase in strength over the course of habituation training (Figs. 3B, 4A, 5A ).
Homosynaptic, exclusively presynaptic, depression of the sensorimotor synapses is not the mechanism of LLH in Aplysia
The data from the present study indicate that homosynaptic depression of sensorimotor synapses, an exclusively presynaptic form of plasticity (Castellucci and Kandel, 1974; Armitage and Siegelbaum, 1998; Royer et al., 2000; Gover et al., 2002) , is insufficient for LLH. In most of the experiments that used pharmacological blocking agents, there was a dissociation between the effect of the agents on LLH and their effect on STH. Specifically, neither anisomycin (Fig. 3B) , OA ( Fig. 4 A) , nor APV (Fig. 5A ) blocked STH, yet each blocked LTH. Given that STH is mediated primarily by homosynaptic depression (Frost et al., 1997; Antonov et al., 1999) , our results imply that homosynaptic depression of sensorimotor synapses is insufficient for the induction of prolonged habituation. The DNQX experiment provides compelling evidence that homosynaptic depression is not the mechanism of LLH. This is because application of DNQX to the sensorimotor synapse does not alter short-term homosynaptic depression (Armitage and Siegelbaum, 1998) , whereas application of DNQX to the abdominal ganglion blocked LLH (Fig. 6 A) .
An alternative explanation for our DNQX result is that the long-term cellular change that underlies LLH occurs exclusively, or mostly, at synapses between interneurons and motor neurons (below). According to this hypothesis, the DNQX blocked synaptic transmission at the sensory neuron-to-interneuron synapses. This, in turn, prevented activation of the interneurons, thereby disrupting long-term plastic changes at the interneuronto-motor neuron synapses. Although this explanation cannot be ruled out by our data, it seems unlikely given that LTH of gill withdrawal is accompanied by significant long-term depression of sensorimotor synapses in the abdominal ganglion (Castellucci et al., 1978) .
The role of postsynaptic glutamate receptor activation in LLH
Our data indicate that activation of postsynaptic glutamate receptors (Dale and Kandel, 1993; Trudeau and Castellucci, 1993; Lin and Glanzman, 1994; Conrad et al., 1999; Yung et al., 2002) is critical for the induction of LLH. Antonov et al. (2003) have reported recently that high concentrations of DNQX can signif-icantly reduce the NMDA-type receptor component, as well as the AMPA-type receptor component, of the sensorimotor EPSP (Antonov et al., 2003) . Possibly, the critical action of DNQX in our experiments was on the NMDA type rather than the AMPA type. Future experiments with more selective AMPA receptor antagonists can resolve this issue. Interestingly, a study of LTH of the tap withdrawal response in C. elegans has found that mutant worms lacking a homolog of the vertebrate AMPA receptor [glr-1 (glutamate receptor 1) mutants] exhibit normal STH to spaced blocks of taps but do not show LTH .
Does an LTD-related synaptic mechanism mediate LLH in Aplysia?
The cellular processes essential for LLH induction are reminiscent of those necessary for the induction of homosynaptic LTD of synapses in the mammalian hippocampus and cortex (Mulkey and Malenka, 1992; Mulkey et al., 1993; Kirkwood and Bear, 1994) . According to a current model of LTD (Bear and Linden, 2001) , low-frequency stimulation (LFS) of afferent inputs causes modest activation of postsynaptic NMDA receptors, resulting in a moderate influx of Ca 2ϩ into the dendrites of the postsynaptic cell. This postsynaptic influx of Ca 2ϩ , in turn, activates calcineurin (PP2B), which releases PP1 from inhibition, thereby permitting PP1 to become active. Activation of these protein phosphatases leads to long-term synaptic weakening. The precise pathways by which activation of PP2B and PP1 produces LTD are not completely understood, but it is believed that the protein phosphatase cascade causes the endocytosis of AMPA receptors, thereby resulting in fewer receptors in the postsynaptic membrane (Carroll et al., 2001 ).
An LTD-like form of synaptic plasticity has been reported previously for Aplysia sensorimotor synapses (Lin and Glanzman, 1996) . Like homosynaptic LTD of hippocampal synapses (Mulkey and Malenka, 1992) , LTD of sensorimotor synapses depends on a postsynaptic rise in Ca 2ϩ because it is blocked by postsynaptic injection of the rapid Ca 2ϩ chelator BAPTA before the onset of LFS. Whether this form of LTD of Aplysia synapses also resembles LTD of mammalian synapses in its requirement for activation of protein phosphatases and NMDA receptors is not yet known.
The potential role of interneurons in LLH of siphon-elicited gill withdrawal
The present data do not rule out contributions from changes in interneuronal pathways. Indeed, the previous failure to obtain long-term (24 hr) depression of in vitro sensorimotor synapses using various patterns of homosynaptic stimulation, together with the demonstration that repeated applications of the inhibitory peptide FMRFamide (Piomelli et al., 1987) can induce longterm depression (Montarolo et al., 1988) , suggest that contributions from heterosynaptic mechanisms might play a role in LLH. A potential link between our finding that inhibition of protein phosphatase activity can block the induction of LLH (Fig. 4 A) and a possible role for FMRFamide in LLH is provided by evidence that at least some neuronal actions of FMRFamide within the CNS of Aplysia are mediated by activation of protein phosphatases (Sweatt et al., 1989; Ichinose and Byrne, 1991) .
Conclusion
Habituation of the withdrawal reflex in Aplysia is frequently regarded as one of the simplest forms of learning with respect to its underlying cellular mechanisms. However, the present data demonstrate that our current understanding of habituation of the withdrawal reflex is very incomplete. Postsynaptic mechanisms play a far more important role in habituation than has been heretofore appreciated. In particular, our data raise the possibility that an LTD-like synaptic mechanism may mediate this simple form of invertebrate learning.
